The absence of thyroid hormone (TH) during late gestation and early infancy can cause irreparable deafness in both humans and rodents. A variety of rodent models have been used in an effort to identify the underlying molecular mechanism. Here, we characterize a mouse model of secondary hypothyroidism, pituitary transcription factor 1 (Pit1 dw ), which has profound, congenital deafness that is rescued by oral TH replacement. These mutants have tectorial membrane abnormalities, including a prominent Hensen's stripe, elevated ␤-tectorin composition, and disrupted striated-sheet matrix. They lack distortion product otoacoustic emissions and cochlear microphonic responses, and exhibit reduced endocochlear potentials, suggesting defects in outer hair cell function and potassium recycling. Auditory system and hair cell physiology, histology, and anatomy studies reveal novel defects of hormone deficiency related to deafness: (1) permanently impaired expression of KCNJ10 in the stria vascularis of Pit1 dw mice, which likely contributes to the reduced endocochlear potential, (2) significant outer hair cell loss in the mutants, which may result from cellular stress induced by the lower KCNQ4 expression and current levels in Pit1 dw mutant outer hair cells, and (3) sensory and strial cell deterioration, which may have implications for thyroid hormone dysregulation in age-related hearing impairment. In summary, we suggest that these defects in outer hair cell and strial cell function are important contributors to the hearing impairment in Pit1 dw mice.
Introduction
The organ of Corti is a neuroepithelium with sensory cells known as inner (IHC) and outer hair cells (OHCs) . Its maturation in the early postnatal period in mice and during the late prenatal period in humans is highly sensitive to thyroid hormone (TH), as TH deficiency during these periods can cause irreparable hearing deficits (Deol, 1973; Van't Hoff and Stuart, 1979; Uziel et al., 1983 Uziel et al., , 1986 Vanderschueren-Lodeweyckx et al., 1983) . TH activates and represses expression of many genes by interacting with TH receptors (THR). Some TH regulated genes encode functionally important proteins that are involved in structural development and/or physiological processes of the inner ear. Although several candidate genes have been proposed based on studies with rodent models of hypothyroidism, the molecular basis for the permanent nature of hypothyroidism-induced hearing loss is still unclear (Uziel, 1986; Knipper et al., 1998 Knipper et al., , 2000 Rusch et al., 1998; Zheng et al., 2000; Abe et al., 2003; Cantos et al., 2003; Winter et al., 2006; Brandt et al., 2007; Sendin et al., 2007) .
To explore the mechanism whereby TH affects the development and function of the inner ear, we characterized Snell dwarf (Pit1 dw , officially Pou1f1 dw ), a mouse model of secondary hypothyroidism. These mice have an inactivating missense mutation in the Pit1 gene, which encodes a POU-homeodomain transcription factor that is highly expressed in the pituitary gland (Camper et al., 1990; Li et al., 1990 ). The gene is necessary for development of the cells that produce growth hormone (GH), prolactin (PRL), and thyroid-stimulating hormone (TSH) (Gage et al., 1996) . If untreated, homozygous mutants exhibit growth insufficiency, infertility, hypothyroidism, and deafness. Auditory brainstem response (ABR) testing revealed profound deafness in Pit1 dw mutants at both 3 and 6 weeks of age, but continuous oral thyroid hormone supplementation initiated late in gestation was effective in preventing hearing deficits (Karolyi et al., 2007) . Because TH replacement does not rescue the deficiency in GH or PRL, the deafness is attributable to hypothyroidism. In addition, there are no reports of hearing deficits caused by GH or PRL deficiency, and GH deficient little mutants (Ghrhr lit ) have normal ABR thresholds (OMIM, K. R. Johnson, personal communication) (Godfrey et al., 1993; Lin et al., 1993) . The Pit1 dw mutant mice are viable and healthy, living ϳ40% longer than their normal littermates (Brown-Borg et al., 1996) . We selected these mutants for further characterization because of their viability, profound deafness, simple, autosomal recessive inheritance of hypothyroidism, and responsiveness to TH supplementation (Karolyi et al., 2007) .
We report physiological, morphological, and gene expression analyses over the course of cochlear development in normal and Pit1 dw mutant mice. Tectorial membrane (TM) composition, morphology, and ultrastructure are altered. OHC function is permanently compromised, as demonstrated by the absence of distortion product oto-acoustic emissions (DPOAE) and cochlear microphonics (CM). In addition to defects in OHC function, Pit1 dw mice have reduced endocochlear potential (EP). We examined expression of prestin and KCNQ4 in OHCs, as well as KCNQ1 and KCNJ10 in the stria vascularis, as candidates for underlying mechanisms. We identified some processes that are developmentally delayed but eventually mature in hormonedeficient mice and others that suffer lasting deficits, likely contributing to the permanent hearing problems caused by hypothyroidism. This study advances our understanding of the role that hormones play in development of normal hearing, including permanent effects on the tectorial membrane, expression of the potassium channel genes KCNQ4 and KCNJ10, the survival of OHCs, and deterioration of the intermediate cells in the stria vascularis.
Materials and Methods
Animal care and genotyping. All experiments were approved by the University Committee on the Use and Care of Animals and conducted in accord with the principles and procedures outlined in the National Institutes of Health Guidelines for the Care and Use of Experimental Animals. Mice were obtained from The Jackson Laboratory in 1990 and maintained at the University of Michigan. Previously described procedures for animal care and genotyping were used, including feeding mice a higher fat chow designed for breeding (PMI5020), delaying weaning of mutants until ϳ35 d, and housing mutants with normal littermates to provide warmth (Karolyi et al., 2007) . In all experiments, at least 3 animals of each genotype were analyzed for each age group studied unless stated otherwise. Postnatal day zero (P0) is designated as the day of birth.
Histology and gene expression analysis. Western blot analysis was performed with organ of Corti protein extracts collected from postnatal animals. Protein samples were homogenized in T-PER buffer (Pierce, Thermo Fisher Scientific), denatured in Laemmli sample buffer, and loaded onto SDS-polyacrylamids gels (12%). Gels were blotted onto nitrocellulose filters, and filters were probed with rabbit anti-␤ tectorin antibody (gift from Dr. Richardson, University of Sussex, UK) at 1:1000 dilution. As a loading control, blots were subsequently probed with antiglyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibody (Santa Cruz Biotechnology s.c.-25778) at the dilution of 1:2000 and developed with an HRP-conjugated goat anti-rabbit (Pierce Biotechnology cat# 31462). Blots were developed with ECL substrate (Santa Cruz Biotechnology s.c.-2048).
Animals aged P8 and older were killed by CO 2 inhalation or decapitation. The temporal bones were avulsed and cochleae were quickly transferred into 4% paraformaldehyde in 0.1 M PBS, pH 7.4. The footplate of the stapes was removed and each cochlea was perfused with the fixative introduced through the oval and round windows and extruded through a small opening made at the apex. The tissues were exposed to the fixative for 2 h, followed by overnight incubation (with shaking) at 4°C in 8% EDTA for decalcification. No decalcification was applied to ears from animals younger than P10.
Fixed tissues were prepared for sectioning by embedding in paraffin or OCT. Soft bone specimens were dehydrated through a graded ethanol series and embedded in paraffin wax, sectioned at 6 m thickness, mounted, dried for 2 h, and stored at room temperature. Alternatively, soft bone specimens were incubated in 30% sucrose overnight at 4°C, embedded in OCT, cryosectioned at 6 M thickness, mounted, dried for 15 min, and stored at Ϫ20°C.
Cochlear cryosections were blocked with 5% goat or donkey serum and 0.1% Triton X-100 in 0.1 M PBS for 1 h at room temperature, and incubated overnight at 4°C with a rabbit antiserum against KCNJ10 (1: 300, Alomone), or a rabbit polyclonal antibody against KCNQ4 (1:300) (Kharkovets et al., 2006) , which was kindly provided by T. Jentsch (Hamburg University, Germany). Cochlear paraffin sections were dewaxed, rehydrated and boiled in 10 mM citric acid, pH 6, for 10 min to unmask epitopes followed by 1:1 H 2 O 2 :methanol (v/v) for 20 min to quench the endogenous peroxidase activity. The sections were incubated overnight at 4°C with a goat polyclonal antibody against prestin (N-20) (1:200, Santa Cruz) and mouse monoclonal antibody against synaptophysin (1: 400, Sigma). Immunolabeling was visualized with TRITC-labeled secondary antibody (1:200, Jackson Immunoresearch) or Alexa Fluor 488 conjugated secondary antibodies (1:200, Invitrogen) and counterstained with DAPI (Vector Laboratories). Sections from wild-type and mutant animals were processed in parallel for histology and immunostaining. Tissues were analyzed and photographed on a Leica DMRB epifluorescence microscope using identical light and exposures for mutant and wild-type littermates.
For transmission electron microscopy analysis, animals were anesthetized and fixed by intracardiac perfusion with 2.5% glutaraldehyde in 0.15 M cacodylate buffer, pH 7.2, containing 1% tannic acid. The inner ear was removed and immersed into the same fixative for 2 h. The tissues were decalcified for 1 week in 3% EDTA with 0.25% glutaraldehyde at 4°C. The inner ears were postfixed with 1% osmium tetroxide in phosphate buffer for 1 h. The specimens were dehydrated in increasing ethanol concentrations and embedded in Embed 812 epoxy resin. Sections were taken on a Leica Ultracut R using a diamond knife, stained with uranyl acetate and lead citrate, and examined on a Philips CM-100 TEM (Beyer et al., 2000; Russell et al., 2007) .
Scanning electron microscopy, whole mount and phalloidin epifluorescence analyses were performed as previously described (Beyer et al., 2000; Mustapha et al., 2007) .
Standard tests of auditory physiology. DPOAEs and EP were conducted as previously described (Karolyi et al., 2007) .
CM measurements were performed on mice that were anesthetized (ketamine 65 mg/kg, xylazine 3.5 mg/kg, and acepromazine 2 mg/kg) and given a dose of glycopyrrolate (0.2 mg/kg) to reduce secretions during surgery. Body temperature was maintained through the use of water circulating heating pads and heat lamps. Additional anesthetic (ketamine and xylazine) was administered if needed to maintain anesthesia at a depth sufficient to insure immobilization and relaxation. Mice were placed into a head holder. The external pinna was removed and soft tissue dissected away from the bulla. The bulla wall was opened, and a single ball electrode, ϳ100 micrometer in diameter, was placed in the round window niche. The electrode was made from 2T 90% platinum/10% iridium wire and Teflon coated, except for the ball. A Teflon-coated silver return electrode was placed subcutaneously on the jawline. For CM recordings, the output frequency from the SRS 830 lock-in amplifier was stepped from 4 to 30 kHz, with a time constant of one second and a dwell time of 300 microseconds. The signal was passed through a programmable attenuator (TDT PA5) to produce a constant-amplitude signal. The signal from the round window electrode (Teflon-coated silver wire, with reference in the contralateral jawline) was sent through a Grass P15 amplifier (filter 0.1-50 kHz) to the input of the SRS830 lock-in amplifier. Signals were generated and data recorded with a MATLAB script written in-house.
Patch-clamp electrophysiology. Preparations of semi-intact mouse organ of Corti were obtained from mice 2 to 6 weeks old. Mice were anesthetized by intraperitoneal injection of ketamine (65 mg/kg) and xylazine (7 mg/kg) and killed by rapid decapitation. The bony labyrinth was extracted into cold perilymph-like saline (in mM, 142.0 NaCl, 5.8 KCl, 1.3 CaCl 2 , 0.9 MgCl 2 , 10 HEPES, 0.7 Na 2 HPO 4 , 2 Na-pyruvate, 5.8 glucose; pH 7.4; 305 mOsm), supplemented with amino acids and vitamins (1X MEM, Invitrogen). Approximately three-quarters of the apical cochlear coil was separated from the modiolus and spiral ligament. All recordings were from OHC located approximately one-half turn from the cochlear apex. Viable hair cells were identified by their appearance, including features of birefringent membrane, columnar shape and absence of observable Brownian motion in cell organelles. Whole-cell voltage-clamp recordings were made with a MultiClamp 700B and Digidata 1440A data acquisition system using the pClamp 10.0 software suite (Molecular Devices). Data were sampled at 20 kHz and low-pass filtered at 4 kHz. For measurements of nonlinear capacitance, electronic compensation of membrane capacitance was necessarily omitted. Data were obtained from all three rows of OHC. Currents were recorded several minutes after break-in to the whole-cell configuration, to allow the cytoplasm and pipette solution to equilibrate. Electrodes were pulled from borosilicate glass capillaries (World Precision Instruments) to a resistance of 3-6 M⍀. Drug perfusions, when necessary, were delivered locally through a multichannel micromanifold (ALA Scientific). All recordings were made at room temperature (21Ϫ26°C). Membrane voltages have not been compensated for junction potentials or residual series resistance errors. Unless otherwise noted, all measurements are reported as means Ϯ 1 SEM.
Voltage-dependent capacitance was estimated from current transients elicited by small, incremental steps in the command voltage. This method, described more fully elsewhere (Huang and Santos-Sacchi, 1993; Oliver and Fakler, 1999) , relies on a simplified electrical model of the cell, under conditions where ionic currents have been blocked. The voltage protocol consisted of a stair-step series of voltage commands from Ϫ125 to 70 mV, using brief 5 mV steps 10 ms in duration. Extracellular and intracellular solutions were designed to block dominant potassium and calcium currents, resulting in a nearly linear steady-state current-voltage curve. The extracellular solution consisted of the following (in mM): 100 NaCl, 20 CsCl, 20 TEA-Cl, 1.52 MgCl 2 , 2 CoCl2, 10 HEPES, 5 glucose, with pH adjusted to 7.2 using NaOH and osmolarity set to ϳ300 mOsm. The intracellular solution contained the following (in mM): 140 CsCl, 2 MgCl2, 10 HEPES, 10 EGTA, with pH adjusted to 7.2 using CsOH and osmolarity set to ϳ300 mOsm.
Membrane capacitance was calculated from estimates of input resistance and monoexponential fits to capacitance transients. These calculations were plotted against the voltage command eliciting the transient and fit to the derivative of the Boltzman equation describing charge movement through the membrane electric field:
where V m is membrane voltage, C lin is the linear, voltage-independent membrane capacitance, Q max is the maximum charge moved through the membrane electric field, V 1/2 is the voltage corresponding to halfmaximum charge movement, and ␣ is the Boltzman slope factor describing voltage-sensitivity. The maximum voltage-dependent capacitance
For potassium current measurements, the bath solution was the perilymph-like saline used for dissection (see above), and the electrode solution contained (in mM): 135 NaCl, 0.1 CaCl 2 , 3.5 MgCl 2 , 5 HEPES, 5 EGTA, and 2.5 Na 2 ATP, with pH adjusted to 7.2 with KOH and osmolarity set to 292 mOsm. Voltage commands were referenced to a holding potential of Ϫ80 mV in all cases. Tail currents were corrected off-line for a linear leak conductance and fit with a first-order Boltzman function:
where I max is the maximum tail current, V m is the membrane voltage, V 1/2 is the half-maximal activation voltage, and V s is the Boltzman slope factor describing voltage sensitivity. In many cases, the sum of two firstorder Boltzman functions was required to describe the tail currents. The F-statistic from curve fits in pClamp was used to determine whether a single or double Boltzman equation best fit the data. In some cases, the M-current blocker linopirdine (200 M) was locally applied to selectively block KCNQ4 currents (Marcotti and Kros, 1999) .
Results

Altered composition of the tectorial membrane in Pit1
dw mutant mice The morphological maturation of the cochlea is subject to developmental delay in mice with disrupted TH receptors, Thra, Thrb, which are unable to respond to TH. Similar features of developmental delay are noted in many types of hypothyroid mice, including pituitary TSH deficient Cga mutants and pharmacologically induced hypothyroidism (Deol, 1973; Uziel et al., 1983 Uziel et al., , 1986 Li et al., 1999; Rusch et al., 2001; Karolyi et al., 2007) . We compared mid-modiolar cochlear sections of Pit1 dw mutants and wild-type littermates using light microscopy. We observed a delay in the opening of the tunnel of Corti in Pit1 dw mutants at P12, but by P21 the opening was indistinguishable from wild type (Fig.  1 A) . These features are similar to those described in other hypothyroid mutants. At P21 the tectorial membrane (TM) in Pit1 dw mutants clearly contains an abnormal protrusion ( Fig. 1 A) . This abnormality appears to be a more prominent Hensen's stripe, and it persists through P42 (data not shown). This prominent stripe is evident in another model of secondary hypothyroidism, the Cga mutant that lacks pituitary TSH, but neither the underlying mechanism nor the significance has been explored (Karolyi et al. 2007) .
The tectorial membrane is comprised of collagens (Col11a2, Col9a3, and Col9a1) and noncollagen proteins including ␣-tectorin (Tecta) and ␤-tectorin (Tectb) and otogelin (Otog), all of which are critical for normal hearing (Richardson et al., 2008) . We compared the concentration of TECTB in cochlear protein extracts from normal and Pit1 dw mutant mice at P21 using Western blotting (Fig. 1 B) . Two expected TECTB polypeptides are detected in all mutant and wild-type samples, consistent with previous reports (Knipper et al., 2001 ). Both isoforms of TECTB are consistently elevated in the Pit1 dw mutant samples compared with wild-type littermates. Similar results were obtained at P35 (data not shown). The elevation of TECTB in Pit1 dw mutants contrasts with the significant reduction of TECTB in druginduced hypothyroid rats (Knipper et al., 2001) .
Structural changes in the TM have been reported in a variety of models with altered TH (Knipper et al., 2001; Rusch et al., 2001; Richardson et al., 2008) . Transmission electron microscopy (TEM) revealed abnormalities in the structure of the striatedsheet matrix in the TM in Pit1 dw mutants relative to wild type (Fig. 1C) .
OHC loss in Pit1
dw mutant mice To examine maturation of cochlear sensory cells and supporting cells we prepared whole mounts of the organ of Corti from normal and mutant mice and stained them with FITC-phalloidin, which reveals actin-containing regions of the cytoskeleton and cell-cell contacts (Fig. 2 A-D) . At P14 and P25 the stereocilia of IHCs and OHCs and the junctions between pillar cells are clearly visible in wild-type mice (Fig. 2 A, C) . In contrast, the pillar cells do not stain with phalloidin in P14 mutants (Fig. 2 B) . At P25 the mutant pillar cells stain with phalloidin, but the organization of the cytoskeleton is abnormal relative to normal mice, and these abnormalities persist through P42 (data not shown). Disruptions are evident in the repeated pattern of OHCs and the orientation of the OHC hair bundles in both P14 and P25 Pit1 dw mutants compared with wild type, suggesting the possibility of OHC death, followed by scar formation in the mutants (Fig. 2 B, D) .
We performed two additional types of analyses on P42 mutant and wild-type mice to examine OHC death more closely. Scanning electron microscopy of the organ of Corti clearly confirmed the presence of scars in mutant mice in the cochlear mid turn, indicating the expansion of supporting cells into spaces created by missing OHCs (Fig. 2 E, F ) . TEM analyses revealed OHCs from the mid turn of P42 Pit1 dw mutant in an advanced stage of degeneration (Fig. 2G) . To determine the location and extent of OHC death along the cochlea, we analyzed whole mounts of P42 organ of Corti by staining OHCs with FITC-phalloidin (data not shown) and antibody to the motor protein prestin (supplemental Figure S. 1 A, B , available at www.jneurosci.org as supplemental material). Four regions of the organ of Corti were examined and quantified for OHC loss (apex, lower apex, mid turn and upper base) in 5 different animals of both Pit1 dw mutant and wild-type mice. Two-sided Student's t tests for independent samples were conducted for differences in the mean between mutants and wild-type mice. Gaps and deviations from the normal pattern of three, well organized rows of OHCs were observed throughout the mutant organ of Corti. The most prominent hair cell loss was in the lower apical region of Pit1 dw mutants with a mean percentage loss of 15 Ϯ 2% (mean Ϯ 1 SEM) compared with wild-type mice at 3 Ϯ 2% (Fig. 2 H) . Mean percentage OHC loss was significantly higher in the Pit1 dw mutants compared with wild type in the lower apex ( p Ͻ 0.01), mid turn ( p Ͻ 0.01), and upper base ( p Ͻ 0.05), but not significantly higher in the apex. A similar gradient of hair cell loss was described for Barhl1 mutants (Li et al., 2002) . OHC degeneration occurs in the Pax8 Ϫ/Ϫ model of hypothyroidism, but Pax8 expression in the otocyst could be a confounding factor (Patuzzi et al., 1989; Christ et al., 2004) . Because most Pit1 dw OHC survive and have a healthy appearance, the OHC death we observe in Pit1 dw mutants is unlikely to account for the profound hearing impairment. The remaining OHCs might be dysfunctional, however.
Adult Pit1
dw mice lack DPOAE and CM OHCs contribute to sound processing by serving as a nonlinear cochlear amplifier. We used standard audiometric techniques to test OHC function by measuring DPOAEs and CMs because normal morphological appearance does not imply normal OHC function. Wild-type 6-weekold (P42) animals had DPOAEs at low and moderate sound levels (Յ80 dB SPL) at all frequencies measured (12, 24, and 48 kHz) (shown for 24 kHz) (Fig. 3A) . Postmortem DPOAE measurements on wild-type mice define the noise floor. Live, age-matched Pit1 dw mutant littermates had DPOAEs that were indistinguishable from the noise floor in mutant or wild-type mice. We also recorded the magnitude and phase of the cochlear microphonic, a measure of the combined sound-driven receptor currents of both IHCs and OHCs. The CM response is dominated by the more numerous OHCs, particularly those OHCs located at the base of the cochlea close to the recording electrode (Patuzzi et al., 1989) . CM amplitude was detected at all sound stimulation frequencies (4 through 30 kHz) in 6-week old (P42) wild-type animals (Fig. 3B) . In Pit1 dw age-matched offspring CM amplitudes were indistinguishable from those re- corded in postmortem normal animals, indicating compromised OHC function in the Pit1 dw mutants. The lack of a CM response was confirmed by the absence of a frequency-dependent phase shift in the mutants (Fig. 3C) . These data suggest that the OHCs in the Pit1 dw mutants are dysfunctional, despite their normal morphological appearance. Since both CM and DPOAE responses were absent in mutant mice, an OHC specific dysfunction could arise from deficits in the electrical motor response in these cells as well as from aberrant mechanical performance, which could be associated with abnormal properties of the TM.
Maturation of prestin expression and distribution in
Pit1
dw mice Prestin is a member of a distinct family of anion transporters, SLC26, and it is expressed in OHCs but not in the nonmotile IHCs. Prestin, officially known as SLC26A5, is presumably responsible for OHC electromotility and cochlear amplification (Zheng et al., 2000; Liberman et al., 2002 mice. To explore these possibilities we performed a developmental time course of immunohistochemical staining for prestin in tissues also stained with DAPI to reveal nuclei and synaptophysin, a presynaptic marker of the efferent synapse at the base of the OHCs. In normal mice, prestin immunoreactivity is evenly distributed throughout the entire OHC membrane during the first few days after birth (shown for P8) (Fig. 4 A) . Between P8 and P13, the subcellular distribution of prestin protein becomes restricted to the lateral regions of the OHC and is depleted from the basal pole of the OHC membrane (shown for P13) (Fig. 4 A) . This redistribution in prestin localization begins in the basal turn and propagates toward the apical turn of the cochlea (data not shown).
Pit1 dw mutants exhibit a developmental delay in prestin expression and subcellular localization. Prestin immunoreactivity is qualitatively reduced in Pit1 dw mutants at P8 compared with normal littermates (Fig. 4 A) . The level and localization of prestin expression in Pit1 dw mutants are improved at P13, resembling that of wild-type mice at P8. Mutants show continued improvement at P21. By P42 the pattern of prestin expression is indistinguishable from that of 2-week-old wild-type mice. This indicates 
Maturation of prestin function in Pit1 dw mice
If the level and subcellular localization of prestin expression is sufficient for normal OHC motor function, then the nonlinear capacitance generated by mature mutant OHCs should be similar to that of hearing mice. Membrane capacitance was estimated from current transients elicited by a stair-step voltage protocol. These data were fit to Eq. 1 to determine the voltage-independent (linear, C lin ) and voltage-dependent (nonlinear, C nonlin ) components. Average capacitance curves are shown in Figure 4 B for wild-type OHCs at 2 and 2.5 weeks of age (P13-14 and P18 -19, respectively) and for Pit1 dw OHCs at 2, 4, and 6 weeks of age (P16 -17, P30 -32, and P43, respectively). Peak total membrane capacitance increased with age for both wild-type and mutant mice. Measures of voltage dependence (V 1/2 and ␣ in Eq. 1) were relatively unchanged over the age-ranges studied and across genotype (data not shown; p Ͼ 0.01).
For wild-type mice, the increase in membrane capacitance reflected continued improvement in the nonlinear component from 2 to 2.5 weeks of age. Linear capacitance was constant over this age range (Fig. 4C) , suggesting that the cells had reached a mature size even while the efficacy of prestin function or density of prestin molecules continued to increase. A previous report has suggested that nonlinear capacitance reaches a plateau ϳ2 weeks of age in normal mice (Abe et al., 2007) . This subtle difference could represent differences in mouse strain background or husbandry.
For mutant mice, the developmental increase in total membrane capacitance reflected gains in both linear and nonlinear components (Fig. 4C) . The gradual growth in linear capacitance from 2 to 6 weeks of age suggested a delay in the maturation of cell size in these animals compared with wild type. To address this possibility, OHCs were mechanically isolated from apical cochlear turns of P15-17 mice, and cell size was measured from captured digital images. Cell length and width for wild-type OHCs were 27.9 Ϯ 0.8 and 6.8 Ϯ 0.3 m (N ϭ 13), respectively, whereas these measurements in Pit1 dw OHCs were 21.3 Ϯ 1.7 and 7.5 Ϯ 0.5 m (N ϭ 5), respectively. The 24% difference in cell length is statistically significant ( p Ͻ 0.01). Mean cell surface area was estimated from average length and width measurements, considering the OHC as a simple cylinder. The mean surface area of the wild-type OHCs was 1272 m 2 , whereas that for Pit1 dw OHCs was 1085 m 2 , a reduction of ϳ15%. This size difference is similar to the difference in linear capacitance between mutant and wildtype cells at a similar age (18%) (Fig. 4C) . Nonlinear capacitance also increased with age in the mutant OHCs. The developmental change in nonlinear capacitance outpaced increases in linear capacitance, suggesting that increases in the nonlinear component must be attributed, at least in part, to a greater density and/or efficacy of prestin in the OHC membrane. These physiological tests reveal delayed maturation of prestin function in adult Pit1 dw mutants, consistent with the evidence that adult mutants eventually develop appropriate levels and subcellular localization of prestin protein. Thus, the lack of DPOAEs and CM in Pit1 dw mice is not explained by alterations in either nonlinear capacitance or prestin expression and localization. It remains possible, however, that electromotility is compromised in Pit1 dw mice through alterations in cytoskeletal structures essential to motor function or in the intrinsic electrical properties of the cell.
Reduced KCNQ4 protein expression specifically in OHC of
Pit1
dw mutants The voltage-dependent K ϩ channel KCNQ4 is responsible for the dominant K ϩ conductance, I K,n , of mature OHCs (Marcotti and Kros, 1999) . KCNQ4 sets the membrane resting potential in cochlear hair cells, and loss of KCNQ4 may cause chronic stress for the cells and lead to their degeneration (Kharkovets et al., 2006) . We examined expression of KCNQ4 in the cochlear and vestibular systems using immunohistochemical staining. In normal mice the KCNQ4 immunoreactivity is distributed across the entire OHC membrane during the first few days after birth, eventually shifting from the basolateral surface to the basal pole of the cell by P12-P13 (data not shown). The level of KCNQ4 immunoreactivity in Pit1 dw mutants was reduced relative to wild type from P12 through P42 (Fig. 5A) . The low level of KCNQ4 immunoreactivity appeared in a normal subcellular pattern. This differs from some rodent models of hypothyroidism that completely lack detectable KCNQ4 expression in OHCs at P12-P13 (Winter et al., 2006) . We observed a developmental delay in KCNQ4 expression that followed a basal-apical gradient with expression levels in apical OHCs lagging behind those from the base (data not shown). In striking contrast to the OHC, the level of KCNQ4 expression within the spiral ganglion and vestibular organs of Pit1 dw mutant inner ears was indistinguishable from that of wildtype mice at all ages tested (P13, P21, P42 and P60) (supplemental Figure S. 3A, available at www.jneurosci.org as supplemental material). This suggests that the permanent reduction in KCNQ4 expression is specific to the OHC in Pit1 dw mutants.
Reduced KCNQ4 currents in Pit1 dw mutants To assess the functional consequences of the permanent reduction of KCNQ4 expression in mutants relative to normal OHC, we measured KCNQ4 currents during development. Voltage activation curves were constructed from tail current analysis and fit with Boltzman functions (Eq. 2). Whole-cell currents in wild-type OHCs were dominated by a low-voltage activated conductance attributed to KCNQ4 channels (Marcotti and Kros, 1999) . In the presence of linopirdine, a KCNQ4 blocker, total outward current was reduced due to the elimination of I K,n , revealing a residual high-voltage activated potassium current (supplemental Figure S. 2, available at www.jneurosci.org as supplemental material). The shapes of activation curves from Pit1 dw mutant mice were heterogeneous suggesting large variations in the amount of KCNQ4-related conductance. While all cells from 2-week-old wild-type mice exhibited a dominant low-voltage activated KCNQ4 current, mutant OHCs, regardless of age, possessed varying mixtures of low-and high-voltage activated conductances (Fig. 5B) . Occasionally, Pit1 dw mutant OHCs were best fit by a single Boltzman with a high V 1/2 (above Ϫ20 mV), indicating the complete absence of measurable KCNQ4 current in those cells (4 of 17 cells in P15-17, 0 of 10 in P28 -32, 1 of 18 in P40 -45). To compare the amount of KCNQ4 between experimental groups, we determined the maximum tail current from Boltzman fits to the low-voltage activated components in Figure 5B . This is an approximate measure of KCNQ4 current density since the sizes of all cells in this study were comparable (Fig. 4C) . The data are plotted for each cell and as averages in Figure 5C . Maximum KCNQ4 current was reduced in all mutant age groups compared with wild type ( p Ͻ 0.05). In contrast to results for nonlinear capacitance, the KCNQ4 current in mutants did not steadily increase toward mature wild-type levels. Instead, KCNQ4 current in the mutant animals peaked at 4 weeks of age (P28 -35). Since KCNQ4 channels are active at negative membrane potentials, loss of KCNQ4 conductance would result in depolarization of the resting membrane potential. Currentclamp was used to measure resting potential in several OHCs from wild-type and mutant mice. The OHCs from mutant mice at 6 weeks of age were depolarized by 10 to 15 mV compared with OHCs from 2-week-old wild-type mice (data not shown).
Substantially reduced endocochlear potential in Pit1
dw mice The EP is the main driving force for the sensory transduction that leads to perception of sound. The potential is generated across the basal cell barrier of the stria vascularis by the K ϩ channel KCNJ10, which is located in the intermediate cells (Marcus et al., 2002; Rozengurt et al., 2003; Wangemann et al., 2004) . We found that the EP in 6-week-old wild-type mice ranged from 105 to 113 mV (N ϭ 2), while the EP in Pit1 dw mutant mice was reduced by 45%, ranging from 48 to 50 mV (N ϭ 3) (Fig. 6 A) . Similarly, the EP of 3-week-old mutants is 50% of wild type (data not shown). The abnormal EP contributes to the lack of DPOAE and CM and indicates that a cochlear defect of peripheral origin is involved in the deafness characteristic of the Pit1 dw mutants.
Reduced KCNJ10 protein expression in Pit1 dw mutants is specific to the stria vascularis The stria vascularis contains marginal cells, intermediate cells and basal cells. Defects in any of these cells can result in hearing deficits (Marcus et al., 2002; Jabba et al., 2006; Knipper et al., 2006; Jin et al., 2008) . To investigate the cause of the reduced EP in Pit1 dw mutant mice, we examined the expression of the K ϩ channels KCNQ1 and KCNJ10 in marginal and intermediate cells, respectively, using immunohistochemical staining. The Pit1 dw mutant mice have reduced KCNJ10 immunoreactivity in both apical and basal cochlear turns compared with wild-type mice at P21 (data not shown) and P42 (Fig. 6 B) . The stria of the mutants appears smaller in width relative to wild type at both ages, and the smaller size seemed attributable to diminished contribution of intermediate cells. KCNJ10 expression is normal in Pit1 dw mutant spiral ganglion and vestibular system at P21 and P42, revealing that the KCNJ10 deficiency is specific to the stria (supplemental Figure S. 3B, available at www.jneurosci.org as supplemental material). KCNQ1 is important for marginal cell dw mutant mice. A, Prestin expression and localization was analyzed by staining paraffin-embedded sections from wild-type and Pit1 dw mutants at P8, P14, P21, and P42 with prestinspecific antibodies (red). Sections were visualized with light microscopy. Synaptophysin (Syn) staining (green) identifies the basal poles of OHC. Nuclei were labeled using DAPI (blue). Asterisks (*) mark prestin labeling detected at the basal pole of the hair cell. Arrows identify rows of outer hair cells. Scale bars: 10 m. B, Average capacitance-voltage curves were generated for OHCs from wild-type mice at 2 and 2.5 weeks and for mutants at 2, 4, and 6 weeks of age (respectively, N ϭ 5, 6, 5, 6, 4). Curves were fit to Eq. 1 to estimate linear and nonlinear capacitance components. Fit parameters: WT: 2 weeks, C lin ϭ 7.7 pF, Q max ϭ 0.82 pC, ␣ ϭ 28.2 mV, V 1/2 ϭ Ϫ56.3 mV; 2.5 weeks, C lin ϭ 7.2 pF, Q max ϭ 1.07 pC, ␣ ϭ 26.9 mV, V 1/2 ϭ Ϫ65.0 mV; Pit1 dw : 2 weeks, C lin ϭ 5.9 pF, Q max ϭ 0.36 pC, ␣ ϭ 28.6 mV, V 1/2 ϭ Ϫ70.2 mV; 4 weeks, C lin ϭ 6.2 pF, Q max ϭ 0.61 pC, ␣ ϭ 31.6 mV, V 1/2 ϭ Ϫ57.5 mV; 6 weeks, C lin ϭ 6.7 pF, Q max ϭ 0.69 pC, ␣ ϭ 26.8 mV, V 1/2 ϭ Ϫ56.8 mV. C, Average values for linear and maximum nonlinear capacitance are shown for each experimental group. Error bars represent one SEM. *p Ͻ 0.01 with respect to data from 2.5-week-old wild-type OHCs.
function and maintenance of stria (Rivas and Francis, 2005) . No obvious differences in KCNQ1 expression are noted at P21 or P42 (data not shown). Thus, reduced KCNJ10 expression is likely to be a major contributor to the lowered EP observed in Pit1 dw mutants, as observed in the KCNJ10 knock-out (Marcus et al., 2002; Rozengurt et al., 2003; Wangemann et al., 2004) .
Stria vascularis pathology in adult Pit1
dw mutants We examined the stria vascularis at various ages in wild-type and mutant mice using light microscopy of hematoxylin and eosin stained paraffin sections (data not shown) and TEM (Fig. 7) . Ultrastructure analysis reveals abnormalities in the stria that are more obvious in mutants at P42 (N ϭ 3 per genotype and age) (Fig. 7A ), than at P12 or P21 (data not shown). The width of the stria is consistently smaller in the mutant than the wild type. (Fig. 6 ). In addition, the TEM analysis reveals prominent accumulation of dark deposits in the stria vascularis of P42 old Pit1 dw mutants with little or no deposits in wild-type littermates (Fig. 7B) 
Discussion
Congenital hypothyroidism impairs multiple developmental processes within the inner ear, offering a mechanistic explanation for hypothyroidism-induced deafness. We used Pit1 dw/dw as a model of secondary hypothyroidism. These mice have profound congenital deafness but normal balance. We found no evidence of Pit1 expression in the cochlea using multiple approaches indicating that the hearing impairment in Pit1 mutants is caused by the lack of Pit1 activity in the pituitary gland (data not shown).
Pit1 dw/dw have abnormalities in TM composition and ultrastructure, endolymph ionic balance, OHC survival, and strial cell health. These features contribute to the lack of DPOAE, CM, and the reduced EP, which can be attributed to longterm defects in OHC KCNQ4 expression and strial KCNJ10 expression. The mutant OHCs eventually exhibit normal prestin function and expression, but the defects in KCNQ4 are permanent. The strial intermediate cells exhibit persistently low KCNJ10 expression, resulting in ionic balance defects that likely contribute to the reduced EP, OHC dysfunction, and sporadic OHC death. The profound hearing impairment characteristic of Pit1 dw/dw may result from compounding effects of several hormone-dependent processes.
Pit1
dw/dw have tectorial membrane defects Pit1 dw/dw TM abnormalities include increased size of Hensen's stripe and elevation of TECTB composition. Tectb Ϫ/Ϫ lack Hensen's stripe, suggesting that TECTB is required to develop this structure (Russell et al., 2007) . Thus, the increased TECTB in Pit1 dw/dw could contribute to their prominent Hensen's stripe. While TSH-deficient Cga tm1/1tm1 also have a prominent Hensen's stripe (Karolyi et al., 2007) , TECTB is decreased in pharmacologically induced hypothyroidism (Knipper et al., 2001) . TM composition and the prominence of Hensen's stripe have not been assessed quantitatively in other models with impaired TH action, but ultrastructural abnormalities of the TM are common (Rusch et al., 2001; Richardson et al., 2008) . The significance of altered TM composition and ultrastructure for OHC function is not clear (Knipper et al., 2001; Rusch et al., 2001; Richardson et al., 2008; Song et al., 2008) . Mutations in individual TM components, Tecta, Tectb, and Otog, do not cause profound, congenital dw mutant mice. A, KCNQ4 immunoreactivity is reduced in OHCs (arrows) of mutant mice relative to wild type. Frozen sections obtained from P13, P21, and P42 wild-type and mutant mice were stained for KCNQ4 (green). Nuclei were stained with DAPI (blue). Outer hair cells from Pit1 dw mice exhibit a nonmonotonic developmental increase in KCNQ4 currents. B, Normalized tail-currents are shown for 2-week wild-type mice and 2-, 4-, and 6-week-old mutants. Wild-type OHCs uniformly exhibited a dominant low-voltage activated potassium conductance attributed to KCNQ4 function. Mutant OHCs were heterogeneous, regardless of age, in that some cells had KCNQ4 while others did not. C, Average maximum tail-current for low-voltage activated components of the Boltzman fits is shown for wild-type and mutant OHCs. Average currents were lower in mutants than wild type ( p Ͻ 0.05). Also, there was a statistically reliable effect of age on average KCNQ4 current using a one-way ANOVA ( p Ͻ 0.01).
deafness characteristic of Pit1 dw/dw , although multiple TM defects could have a compounding effect (Legan et al., 2000 (Legan et al., , 2005 Simmler et al., 2000; Russell et al., 2007) .
TH is not required for prestin expression or function
Prestin is a motor protein that underlies OHC motility. TH regulates its transcription, and hypothyroidism causes abnormalities in prestin expression and subcellular distribution (Rusch et al., 2001; Weber et al., 2002; Winter et al., 2006) . These abnormalities are transient in Pit1 dw/dw , representing delayed development that eventually matures. While data on prestin distribution and function in older drug treated and TR mutant animals are unavailable, we predict that prestin activity will mature functionally in pharmacologically treated animals as it does in Pit1 dw/dw . OHC motility may be compromised by observed defects in cytoskeletal specializations that support motor movement, but it seems unlikely that deficits in OHC motor function account completely for the absence of Pit1 dw/dw DPOAEs and CM.
Maintenance of healthy cochlear cells is hormone dependent KCNQ4 expression and current is detectable in Pit1 dw/dw OHCs throughout adulthood, and the developmental profile of KCNQ4 currents is qualitatively similar to normal mice (Beisel et al., 2005) . The persistently reduced KCNQ4 expression and function in Pit1 dw/dw contrasts with the eventual maturation of prestin expression and function. Abnormal KCNQ4 expression results in chronic depolarization of Pit1 dw/dw OHCs, which may lead to the untimely demise of OHCs that we observed in 6-week-old Pit1 dw/dw . The level of depolarization we observed in Pit1
OHCs was similar to that of Kcnq4 Ϫ/Ϫ (Kharkovets et al., 2006) . Mice with altered KCNQ4 conductance, through pharmacological block or genetic disruption, exhibit progressive OHC loss (Nouvian et al., 2003) . This supports the idea that sporadic OHC loss occurs concomitant with reduced KCNQ4 conductance and a depolarized resting potential. We considered whether reduced Igf1 levels might cause OHC loss because complete lack of IGF1 causes OHC loss and severe hearing impairment (Camarero et al., 2001; Cediel et al., 2006) . We concluded that the OHC loss in deaf Pit1 dw/dw is not likely to be attributable to the reduced IGF1 levels because both Pit1 dw/dw and normal-hearing Igf1 ϩ/Ϫ animals have a ϳ50% reduction in circulating IGF1 (Woods and Savage, 1996; Le Roith et al., 2001) .
The OHC loss in Pit1 dw/dw is unlikely to account for their profound congenital deafness because the timing is late and the fraction of hair cell death is small (Bohne et al., 1990) . Stria vascularis dysfunction is likely to be an important contributor to the deafness. Normal EP is required for OHC function, including the generation of DPOAE and CM. Pit1 dw/dw have approximately half the normal EP. Persistent reduction in KCNJ10 expression in the stria vascularis contributes to their low EP. This conclusion is supported by the observations that Kcnj10 Ϫ/Ϫ mice lack EP and have compromised hearing (Marcus et al., 2002) and Slc26a4 Ϫ/Ϫ , a euthyroid model of Pendred syndrome, lack both EP and KCNJ10 (Rusch et al., 2001; Wangemann et al., 2004) . We predict that KCNJ10 expression is reduced in the stria vascularis of hypothyroid and TR mutant animals. This would be expected to reduce, but not eliminate, DPOAE and ABR responses (Gow et al., 2004) . Thus, the absence of DPOAE in Pit1 dw/dw arises from a combination of several deficits.
Pit1 dw/dw stria are small with abnormalities in ultrastructure including accumulation of lipofuscin-like deposits. The decreased stria size in Pit1 dw/dw appears independent of KCNJ10 because complete absence of KCNJ10 in Slc26a4 and Kcnj10 mutants does not cause this morphological effect (Marcus et al., 2002; Wangemann et al., 2004) . Lipofuscin accumulation accelerates in aging cochleae (Nadol, 1979; Kazee and West, 1999) , brains of Alzheimer's and Parkinson's patients (Eichhoff et al., 2008) , and eyes of patients with atrophic age-related macular degeneration (Holz et al., 1999; Schmitz-Valckenberg et al., 2004) . Thus, the stria vascularis pathology suggests that Pit1 dw/dw cells are undergoing changes associated with physiological stress or premature aging. This is surprising because Pit1 dw/dw and animals with GH defects have reduced cellular stress and enhanced longevity (Leiser et al., 2006) . The etiology of the stria pathology in Pit1 dw/dw is not known, but stria development and maintenance are hormone-dependent.
Many genetic defects disrupt development and function of both the vestibular apparatus and the cochlea, yet hypothyroidism only affects the cochlea. The basis for this specificity is unknown. Intriguingly, the alteration in KCNQ4 and KCNJ10 expression in Pit1 dw/dw is confined to OHCs and stria, respectively. This cell type specific dysregulation suggests that the same genes have different requirements for hormonal regulation in various cell types within the same organ. This could be achieved by many mechanisms, such as utilization of different cell-type specific transcription components and/or deiodinases. Alternatively, variation in the critical timing for hormone exposure could underlie differences in hormone sensitivity, where cells differentiating early benefit from maternal hormones during gestation, while cell types differentiating later depend on neonatal hormone production.
Why are Pit1
dw/dw profoundly deaf? Thyroid hormone regulates many processes in the developing cochlea. Individual defects in TM, DPOAE, CM, EP, prestin, Kcnq4, and Kcnj10 are consistent with progressive and/or moderate to severe hearing impairment. The profound hearing im- 
pairment observed in Pit1
dw/dw could be explained by a compounding effect of genes that individually have moderate effects or there could be additional processes involved. Given the broad effects of TH on gene expression, other processes, such as IHC function, neurotransmission, and innervation, are likely compromised (Brandt et al., 2007; Sendin et al., 2007) .
Advantages of the Pit1
dw/dw model The advantages of studying Pit1 dw/dw are their viability and responsiveness to TH supplementation, which makes it possible to distinguish the aspects of TH deficiency that lead to permanent hearing defects from those that cause developmental delay. For example, the developmental delay in prestin expression is not permanent, but the alterations in the TM and defective KCNJ10 and KCNQ4 expression and function are. In addition, Pit1 dw/dw reveal the importance of TH for stria vascularis and OHC function and for avoiding pathological changes and cell death. The prominence of hypothyroidism and presbycusis in older individuals suggests that our studies may be important for understanding the mechanisms contributing to age related hearing loss (ARHL).
Is hypothyroidism a risk factor presbycusis?
There are several lines of evidence that suggest hormone deficiency may be a risk factor for presbycusis. OHC loss and strial abnormalities of the Pit1 dw/dw cochleae are also found in cases of age-related and environmentally induced hearing loss. In addition, the Pit1 dw/dw exhibit reduced Kcnq4 expression, a gene mutated in autosomal dominant hearing loss is also associated with presbycusis (Van Eyken et al., 2006) . Hypothyroidism is common in older individuals (Fransen et al., 2003) and GH production decreases with age (Lanfranco et al., 2003; Bartke, 2005) . Since hormones are necessary for cochlear cell survival and function in young mice, it is possible that reduced hormone production in adults is a risk factor for ARHL, or that individuals born from mothers with hypothyroidism during pregnancy could be predisposed to ARHL. While this is speculative, the mouse could be an excellent tool to investigate genetic and environmental modifiers of ARHL (Johnson and Zheng, 2002; Nemoto et al., 2004) . 
